Infection by HTLV-1 has been correlated with the appearance of various proliferative or degenerative diseases. Some of these disorders have been observed in transgenic mice expressing the Tax protein, which is known to transactivate various viral and cellular promoters through interactions with several transcription factors. In this study we show that the C-terminus of this viral oncoprotein represents a motif permitting binding of Tax to the PDZ domains of several cellular proteins. A two-hybrid screen with Tax as bait indeed yielded complementary DNAs coding for six proteins including PDZ domains. Two of them correspond to truncated forms of the PSD-95 and b1-syntrophin proteins, another clone codes for a protein homologous to the product of the C. elegans gene lin-7. The other three clones code for new human members of the PDZ family of cellular proteins. The interaction of Tax with the products of these clones was con®rmed by immunoprecipitation assays in mammalian cells, and analysis of various mutants of Tax established the importance of the Cterminal amino acids for several of these interactions. These data suggest that Tax could perturb the normal function of targeted cellular proteins by strongly interacting with their PDZ domains.
Introduction
Viral infection often profoundly modi®es the normal functioning of the cell through interactions of proteins encoded by the virus with important cellular regulatory factors. In the past, detailed studies of the properties of proteins encoded by viruses such as SV40, adenovirus and papillomavirus have illuminated key mechanisms controlling the cell fate. From its pleiotropic properties, the HTLV-1 Tax transactivator also represents an interesting model, the study of which should help to understand more precisely important regulatory mechanisms in human cells. Tax can indeed alter the expression of many cellular genes through dierent promoter sequences (Yoshida, 1996) . It is now wellestablished that Tax increases the activity of the cellular transcription factor CREB. Tax induces binding of this cellular protein and its cofactor CBP to the HTLV-1 Tax-responsive element 1 (TRE1), which represents a low-anity site for these factors in the absence of the transactivator Kwok et al., 1996) . On cellular cyclic AMPresponsive elements (CREs), such as that of the somatostatin promoter, phosphorylated CREB recruits Tax through its CBP cofactor, leading to an enhancement of the activation of transcription (Kwok et al., 1996) . Similar mechanisms are likely to occur with the transcription factors CREM and ATF-1 Laurance et al., 1997) . Tax also induces the activity of the serum responsive elements of various cellular promoters, such as that of the c-fos gene by association with p67 SRF (Fujii et al., 1992) . Another important regulatory pathway activated by Tax is that involving the NF-kB/Rel factors. The activity of these proteins, which activate expression of genes participating to the immune and in¯ammatory responses, is regulated mainly through cytoplasmic retention. Expression of Tax in lymphocytes induces a permanent presence of the NF-kB/Rel factors in the nucleus (Ballard et al., 1988; Leung and Nabel, 1988; Ruben et al., 1988) . This eect is likely to result from an activation of the proteolytic processing of the inhibitory molecules IkB-a (Lacoste et al., 1995) , IkB-b (Good and Sun, 1996) and NF-kB1 p105 . These observations illustrate that Tax interferes with various regulatory pathways. Another interesting facet of Tax is its ability to transform cells. The oncogenic properties of this protein have been established by various assays, including transformation of primary T lymphocytes (Grassmann et al., 1989) , cooperation with Ras in transformation of ®broblasts (Pozzatti et al., 1990) and induction of tumours in transgenic mice (Nerenberg et al., 1987; Benvenisty et al., 1992; Grossman et al., 1995) . Tax transgenic mice are also known to develop several pathologies including thymus atrophy (Furuta et al., 1989) , muscle degeneracy (Nerenberg and Wiley, 1989) , arthritis (Iwakura et al., 1991) and a proliferation of ductal cells of the salivary gland resembling the SjoÈ gren syndrome (Green et al., 1989) . These disorders correlate with observations made in HTLV-1-infected patients (Ozden et al., 1996) . This indicates that, probably through contacts with cellular proteins, Tax can alter the growth and survival of various cell types in an organism. To better understand how Tax modi®es the normal physiology of the cell, we have been engaged in a systematic screen for cellular proteins interacting with Tax by the two-hybrid method in yeast. By this approach, Tax has been observed to interact with components of the proteasome and with the product of the human int-6 gene , the mouse counterpart of which is involved in the development of mammary tumours following insertion of MMTV (Marchetti et al., 1995) . In this manuscript we report on several cDNA clones which code for proteins containing PDZ domains. This domain has been originally identi®ed in proteins often present at the inner side of the membrane and participating in signal transduction (Saras and Heldin, 1996) . The designation refers to three members of this family, the postsynaptic density protein PSD-95, the Drosophila tumour suppressor Discs-large and the tight junction protein Zonula Occludens-1. The PDZ domain is now known to be present in a rapidly expanding group of proteins (Ponting and Phillips, 1995) and is also called Discs-large Homology Region (DHR) or GLGF repeat. It is shown here that Tax interacts with cellular proteins via their PDZ domains and that this binding involves the C-terminus of Tax which ®ts with the S/TXV-COOH consensus sequence previously de®ned for cellular trans-membrane receptors interacting with PDZ proteins such as PSD-95 (Kornau et al., 1995) . Mutagenesis analysis of this Tax motif demonstrated its importance for the binding of several of the PDZ proteins identi®ed in this study. The possible consequences of the interaction between Tax and cellular PDZ proteins are discussed.
Results

Binding of Tax to PDZ proteins
To identify cellular proteins interacting with Tax a two-hybrid screen was performed with Tax as a bait. The yeast strain expressing Tax fused to the DNA binding domain of GAL4 was transformed with a library of cDNA derived from human peripheral lymphocytes immortalized by EBV and fused to the transcription activation domain of GAL4 (Durfee et al., 1993) . Several clones giving a positive response dependent on the Tax moiety of the GAL4-Tax fusion protein were characterized by the presence of a PDZ domain (Figure 1a ). The sequences of these clones showed that they code for truncated forms of already known proteins. The product of clone 15 is highly homologous to the PSD-95 protein (Brenman et al., 1996) and that of clone 43 to the b1-syntrophin (Ahn et al., 1994) . Clone 15 encodes a protein including only the PDZ1 and PDZ2 domains, but lacking the PDZ3, SH3 and guanylate kinase domains present in the carboxy-terminal part of PSD-95. Clone 43 codes only for an N-terminal region of b1-syntrophin. For clone 33, comparison of the protein sequence with the databases indicated that the best score is obtained with the product of the C. elegans gene lin-7 (Simske et al., 1996) . In the PDZ domain the sequences of both proteins are almost identical (89% identity, 100% homology). For the other clones these comparisons indicated that they code for novel human members of the PDZ family. The protein corresponding to clone 1 mainly consists of one PDZ domain. Clones 2 and 40 code for larger proteins including a single PDZ domain. The three dimensional structures of the PDZ3 domains of PSD-95 and of hDlg have been determined and both correspond to six b sheets (bA to bF) and two a helices Doyle et al., 1996) . For PDZ3 of hDlg a third a helix terminates the domain. Alignment of the sequences of the PDZ domains of the clones isolated in this study along with that of PDZ3 of PSD-95 shows that the most important variability occurs in the size of the loop separating strands bB and bC in agreement with previous observations (Figure 2) (Doyle et al., 1996) .
The strength of the interaction between the proteins encoded by these clones and Tax was evaluated by the two-hybrid assay and measurement of the b-galactosidase activities. The interaction between Tax and the product of clone 1 was as ecient as that occurring between the large T antigen of SV40 and p53 ( Figure  1b) . Strong interactions were also observed between Tax and the products of clones 2, 15 and 43, while the amounts of b-galactosidase expressed were weaker with the products of clones 33 and 40 (Figure 1b) . The fact that the product of clone 1 binds eciently Tax emphasizes that the PDZ domain plays an essential role in these interactions.
To further validate the existence of a strong and speci®c interaction of Tax with the proteins encoded by these clones, co-immunoprecipitation experiments were performed. The various cDNAs were inserted in a mammalian expression vector in fusion at their Nterminus with the Flag epitope. The resulting constructs were cotransfected in COS7 cells with a Tax expression vector. The cellular extracts were prepared by lysis in RIPA buer and immunoprecipitations were performed with an antibody to the Flag epitope. The presence of Tax in the immunoprecipitated proteins was tested by immunoblotting. Direct analysis of the extracts for the presence of both Tax and the Flag-tagged proteins showed that the PDZ proteins were expressed in various amounts, the most abundant being the product of clone 15 (Figure 3b , lane 4). The amount of Tax expressed in these extracts was also variable (Figure 3b , lanes 2 ± 7). However, the presence of Tax in the immunoprecipitated complexes was clearly observed for each PDZ protein ( Figure 3a , lanes 2 ± 7). The Tax signal was quite intense with clone 1, although the corresponding product was poorly expressed. This probably results from the strong interaction between both proteins as evaluated with the two-hybrid assay in yeast (Figure 1b) . The Tax signal was also pronounced with clone 15, but this was likely the consequence of the good expression of its product. The Tax signal was weaker for clones 2 and 40 ( Figure 3a , lanes 3 and 6), but this was correlated with poor expression of Tax (clone 40, Figure 3b , lane 6) or of both Tax and the PDZ protein (clone 2, Figure 3b , lane 3). These interactions were also observed by performing similar experiments with immunoprecipitation of Tax (data not shown). A mammalian two-hybrid assay and in vitro binding to GST-Tax fusion protein also clearly con®rmed the interaction of Tax with the product of clone 15 (data not shown). These observations show that Tax is able to interact in the context of mammalian cells with the products of the various cDNAs isolated by the two-hybrid screen in yeast.
Expression patterns of the mRNAs coding for PDZ proteins interacting with Tax
To examine the patterns of expression of the mRNAs corresponding to the various cDNAs, a membrane bearing poly(A) + RNAs from various tissues was hybridized with radioactive probes which were pre-pared with fragments of the cDNAs located in their 3' part to limit cross-hybridization potentially occurring in the PDZ regions. In this assay the amounts of the various RNAs dotted on the membrane are normalized from the signals corresponding to eight dierent housekeeping genes. After hybridization, the blot was Figure 1 Isolation by a two-hybrid screen in yeast with Tax as a bait of six distinct clones containing PDZ domains. (a) Representation of the isolated clones. Clones 2 and 6 corresponded to cDNAs originated from the same mRNA. This was also the case for clones 33, 35 and 87. Boxes indicate coding sequences. PDZ domains were in the same reading frame as that of the GAL4 transcriptional activation domain (GAD). Numbers above indicate nucleotides with respect to the ®rst nucleotide of the cDNAs. Clones 1, 15 and 40 include a poly-A tail. The homology of clone 15 with the rat PSD-95 stops at nucleotide 819 and the identity between clone 43 and human b1-syntrophin at nucleotide 856 as indicated by the arrows. (b) Analysis of the interaction between Tax and the PDZ clones using a liquid culture b-galactosidase assay. b-galactosidase units in the yeast extracts were measured using the O-nitrophenyl-b-D-galactoside (ONPG) as substrate and expressed in Miller units. The various clones in pACT were cotransformed in SFY526 yeast strain with plasmids expressing the GAL4 DNA binding domain (GB) either alone (pGBT9) or in fusion with Tax (pGB-Tax). As control, yeast were transformed with plasmids pVA3 and pTD1 or with plasmids pGB-Tax and pGAD424. pVA3 encodes a protein consisting of GB fused to p53 (amino acids 72 ± 390) and pTD1 a protein consisting of GAD fused to the SV40 large T antigen (amino acids 84 ± 708). pGAD424 expresses GAD alone. The b-galactosidase assay was carried out on two independent colonies per transformation and the mean value are shown exposed to a phosphor screen for quanti®cation of the amount of radioactivity corresponding to the various dots. These experiments showed that expression of the cDNAs corresponding to clones 1 and 2 occurs in many tissues at a signi®cant level (Figure 4a and b). Expression of these clones was clearly detected in adult and foetal thymus. Clone 2 is also well-expressed in foetal and adult nervous tissues. The mRNA corresponding to clone 15 is mainly expressed in nervous tissues, the levels detected in the other tissues appearing low by comparison ( Figure 4c ). Expression of clone 33 and 40 was observed in various tissues with a clear prevalence in the pituitary gland (Figure 4d and e). Clone 43 was the most expressed in adrenal gland ( Figure 4f ). These analyses show that expression of clones 1 and 2 is rather ubiquitous, whereas it is more restricted to speci®c tissues for the others.
To determine whether expression of these clones might occur in CD4 + /CD8
7 T lymphocytes, RT ± PCR experiments were performed with RNA of Jurkat cells. Ampli®cation was done with a limited number of cycles and the reaction products were analysed by Southern blot. By this approach, expression of clones 1, 2 and 40 was clearly detected, clone 1 being apparently the most expressed ( Figure 5a , b and e, lanes 3). No expression of clone 33 and 43 was detected ( Figure 5d and f, lanes 3). With clone 15 a weak signal was observed, probably indicating a low level of expression ( Figure 5c , lane 3). With a higher number of cycles the signal was clearly detected (data not shown). For this latter clone, the 3' primer was in the 3' untranslated region and the 5' primer in a region overlapping with PSD-95. Thus, the positive signal obtained by RT ± PCR shows that clone 15 actually corresponds to a mRNA produced in T cells and not to an artefactual chimerical cDNA. These experiments established that the mRNA corresponding to clones 1, 2, 15 and 40 are expressed in this transformed T lymphocyte cell line.
Mapping of the domains of Tax mediating interaction with the PDZ proteins
The ®rst two PDZ domains of PSD-95 have been shown to interact with the cytoplasmic tails of subunits of the NMDA glutamate receptor and of Shaker-type K + channels (Kim et al., 1995; Kornau et al., 1995; Niethammer et al., 1996) . It has also been shown that the PDZ domains of FAP-1 mediate interaction with the C-terminus of Fas (Sato et al., 1995) . Determination of the sequence requirement in NMDA receptor NR2 subunits has led to the proposal of the following consensus sequence: T/SXV-COOH (Kornau et al., 1995) . A detailed analysis by site-directed mutagenesis of the sequence of the C-terminus of the shaker-type Kv 1.4 channel required for the interaction with PSD-95 has clearly shown the importance of the carboxyterminal valine (Kim et al., 1995) , thereafter referred as position 0, and of the threonine at position 72.
Interestingly, The C-terminus of Tax, ETEV-COOH, Figure 2 Sequence alignment of the PDZ domains encoded by the various clones interacting with Tax. The sequences of PDZ1 (1), PDZ2 (2) of clone 15, along with PDZ3 (3) of PSD-95 were aligned with the unique PDZ domains of clones 1, 2, 33, 40 and 43 using the CLUSTALW program (Higgins et al., 1996) . The dots above the alignment correspond to identities and the vertical bars to conservative changes. The six b sheets (white bars, bA to bF) and the two a helices (black bars, aA and aB) present in the structure of the PDZ3 motif of PSD-95 (Doyle et al., 1996) These experiments were done by examining the coloration of the colonies in a ®lter assay. This technique is more sensitive than the liquid culture assay previously presented, but does not allow precise comparison of intense b-galactosidase activities. For this reason the various PDZ clones gave similar results when tested in combination with the entire Tax protein (Table 1) . For clones 1 and 15, modi®cation of the Cterminus of Tax caused a complete loss of the interaction (Table 1) . Conversely, the interaction with the C-terminal tail of Tax was clearly observed (Table  1) . This indicates that for these two clones the Cterminus of Tax is necessary and sucient for the interaction. A similar observation was made for clone 33, with the dierence that the interaction with the Cterminal tail of Tax was weaker than that with the entire protein (Table 1) . For clones 2 and 43 the interaction was eciently observed with the C-terminal tail of Tax but deletion of this motif in Tax did not completely impair binding, indicating that another internal region of Tax must participate in the interaction (Table 1) . For clone 40, the deletion of the C-terminus of Tax did not modify the interaction which did not occur with the C-terminus alone (Table  1) . In this latter case the interaction therefore appears to be mediated mainly by an internal domain of Tax. In agreement with previous observations made with PSD-95 and FAP1, these results show that the Cterminus of Tax mediates interaction with various PDZ proteins. However, they also indicate that in some instances an internal domain of Tax contributes to the interaction, clone 40 representing an extreme case for which the binding relies apparently exclusively on this internal domain. To establish whether the interaction of the various proteins was mediated by their PDZ domains, sequences coding for these protein elements were inserted in yeast expression vectors in fusion with the GAD domain. This was done for each clone except clone 1, which is mainly composed of one PDZ domain. These constructs were tested by the twohybrid assay for interaction with Tax. The various PDZ domains clearly interacted with Tax (Table 2) . However, for clones 33 and 40 these interactions appeared weaker as compared to that obtained with the product of the entire cDNAs. This could be due either to a contribution of other domains or to poorer protein expression. The experiment was performed with each PDZ domain of clone 15. This clearly showed that the PDZ-2 domain entirely mediates the interaction with Tax, the PDZ-1 domain being completely inactive (Table 2) .
To analyse further the correspondence of these interactions with what is known in other models, the contribution of individual residues was analysed. The Figure 6 The C-terminus of Tax includes a consensus site for interaction with PDZ domains. (a) The C-terminal 40 amino acids of Tax from STLV-1 and from four dierent isolates of HTLV-1 were aligned using the CLUSTAL program. (a) corresponds to the sequence of the HTLV-1 provirus determined by Seiki et al. (1983 Seiki et al. ( , 1985 , (b) to that of an isolate obtained from a patient suering HTLV-1-associated myelopathy (Tsujimoto et al., 1988) , (c) to that of a caribbean isolate (Malik et al., 1988) and (d) to that of a distant melanesian isolate (Gessain et al., 1993) . Numbering above the sequences indicates amino acids of Tax. Dots correspond to identities and vertical bars to conservative changes. Single amino acids were changed to alanine at positions Schematic representation of Tax constructs tested by the twohybrid assay for interaction with the PDZ clones. The plasmid pGB-TmC encodes GB fused to a Tax mutant in which amino acids 338 ± 353 (underlined in a) were changed to GDPSTCSQANSGRISYDL. pGBG-CT encodes GB and amino acids 338 ± 353 of Tax, linked by a stretch of four glycine residues residues at positions 0, 71, 72, 73 and 75 were changed to alanine giving mutants m353, m352, m351, m350 and m348, respectively (Figure 6a ). The eect of these mutations on the interaction with the product of the various clones was tested, with the exception of clone 40 which was not observed to interact with the C-terminus of Tax. In the context of the entire Tax protein these mutations had little eect, except that modifying the C-terminal valine (Table 3) which caused a complete loss of the interaction with clone 1, 15 and 33. For this latter clone, mutation at position 73 reduced signi®cantly the interaction (Table 3) . These results are in agreement with the previous observation of a strong dependence on the C-terminus of Tax. For clones 2 and 43 the absence of eect probably results from the contribution of an internal domain. These mutations were also tested in the more restrictive context of the peptide corresponding to the C-terminal tail of Tax. In this context, the point mutations exhibited stronger eects, as compared with those obtained with the entire protein, leading to speci®c patterns for each clone (Table 3) . These results showed that the C-terminal valine is fundamental, with the exception of clone 2, and that threonine 351 is essential for all clones, although not completely for clone 1. These results clearly indicated that the interaction between the C-terminus of Tax and various PDZ proteins is similar to what has been previously de®ned, with an essential role of the C-terminal valine and an important contribution of the threonine at position 72. However, the importance of residues of the Cterminus varied from one PDZ protein to another and it appears that the important region is larger than the S/TXV tripeptide motif. 7 +++ + +++ a Coloration of colonies was scored as follows: 7, white after incubation for 6 h; +, blue after incubation for 6 h; ++, blue after incubation for 3 h; +++, blue after incubation for 1 h +++ +++ 7 +++ ++ + +++ a Coloration of colonies was scored as follows: 7, white after incubation for 6 h; +, blue after incubation for 6 h; ++, blue after incubation for 3 h; +++, blue after incubation for 1 h The importance of the C-terminal tail of Tax to the interaction was also examined in the context of mammalian cells. This was done with the two clones showing a complete dependence on the C-terminus of Tax, i.e. clones 1 and 15. The products of these clones tagged with the Flag epitope were expressed in COS7 cells and coimmunoprecipitated with the various point mutants of Tax. The amounts of these various Tax mutants were equal and their coexpression did not modify the concentration of the Flag-tagged PDZ proteins (Figure 7b and d, lanes 1 ± 6) . Both for clones 1 and 15, the mutation of the C-terminal valine abolished the interaction (Figure 7a and c, lane 6) . The mutation of threonine 351 decreased the interaction, moderately for clone 1 (Figure 7a , lane 4) and importantly for clone 15 (Figure 7c, lane 4) . In agreement with the two-hybrid assay data, mutation of phenylalanine 348 clearly reduced the interaction between the product of clone 1 and Tax (Figure 7a , lane 2). These observations show that the interaction occurring between Tax and the PDZ proteins in mammalian cells also rely on the C-terminus of Tax.
Discussion
Identi®cation of new human cellular proteins with PDZ domains
The two-hybrid screen with Tax led to the isolation of six dierent cDNAs which are related by the presence of one or two PDZ domains. At ®rst sight, no other particular domain could be observed in these clones, with the exception of a stretch of glutamine residues in clone 33. Two of these clones code for proteins corresponding to truncated forms of PSD-95 and b1-syntrophin. It is interesting to note that dierent classes of transcripts have indeed been noticed for b1-syntrophin in Northern blot experiments (Ahn et al., 1996) . Examination of the three known syntrophins: a1, b1 and b2 show a similar organization with two pleckstrin homology domains, the ®rst being interrupted by the PDZ domain, and one syntrophin unique domain at the C-terminus (Ahn et al., 1996) . The binding of these proteins to dystrophin has been shown to depend on their C-terminal part (Ahn and Kunkel, 1995; Ahn et al., 1996) . The clone isolated in this study ends in approximately the middle of the second pleckstrin homology domain. Hence, the product of this clone is not likely to bind to dystrophin. However, it could exert other currently unknown functions through its PDZ domain. PSD-95 has been shown to interact with the intracellular tail of subunits of the glutamate receptor and of shaker-type K + channels (Kim et al., 1995; Kornau et al., 1995) . This interaction is likely to play an important role in the clustering of receptors at the membrane (Gomperts, 1996) . The exact function of the SH3 and guanylate kinase of PSD-95 are poorly understood (Kistner et al., 1995; MuÈ ller et al., 1996) . The ®rst two PDZ motifs of PSD-95 form a domain and mediate the binding to the receptors . From these data the product of the cDNA isolated in this study is likely to bind also to such intracellular tails of trans-membrane receptors. However, the absence of the other motifs could lead to dierent arrangements compared with the entire protein. Another possibility is that this truncated form is not fully associated with the membrane but participates in a signal transduction pathway. The product of clone 33 is highly homologous to the C. elegans LIN-7 protein. The conservation of the sequence is very high in the PDZ domain, but much weaker outside. Future studies should establish whether the product of this clone is the human LIN-7 or a member of a group of related proteins. LIN-7 is known to bind to the LET-23 receptor tyrosine kinase which is similar to EGFR (Simske et al., 1996) . With LIN-2, LIN-7 localizes LET-23 to cell junctions. Human LIN-7 is likely to exhibit a similar function and to participate also in the clustering of transmembrane receptors. It will be interesting to determine the exact nature of the receptor upstream of the product of clone 33 in human cells. Comparison of the sequence of the products of clones 1, 2, 40 in the available databases shows that the best scores are obtained with uncharacterized C. elegans proteins predicted from the data of the systematic sequencing program of the genome of this organism. From what is known for other PDZ proteins, they could have an architectural role in the assembly of trans-membrane receptors or, on the model of the Drosophila protein Dsh (Perrimon and Mahowald, 1987) , they could participate in a signal transduction pathway.
Interaction of the viral protein Tax with PDZ proteins
The interaction between Tax and PDZ domains of cellular proteins is supported by clear experimental evidence. It was observed by the two-hybrid assay, both in yeast and HeLa cells, by coimmunoprecipitation experiments and also by GST pull-down assays. From what has been learned concerning PSD-95 and the proteins with which it interacts, this strong interaction is also evident from the primary sequence of Tax which contains the amino acid residues known as essential, i.e. the carboxy-terminal valine and the threonine at position 72. The resolution of the structure of a complex associating PDZ3 of PSD-95 and a peptide has determined the molecular basis of such interactions (Doyle et al., 1996) . These ®ndings have been also supported by a recent study of the motifs interacting with various PDZ domains by the oriented peptide library technique (Songyang et al., 1997) . The structural data show that the terminal valine is engaged in a hydrophobic pocket¯anked by the b sheet B and the a helix B. A carboxylate binding loop of the PDZ domain which is located between the b sheets A and B form a cradle of amide nitrogens which establish hydrogen bonds with this terminal valine (Doyle et al., 1996) . The residues involved in these bonds are well conserved among the dierent clones presented here. The sequence LGF is present in clones 1, 33, 40 and 15. For clones 2 and 43, the phenylalanine is changed to leucine and isoleucine, respectively. These changes maintain the hydrophobic nature of the residues at these positions and the study of Songyang et al. (1997) indicates that these changes also correspond to a C-terminal valine in the bound peptide. The threonine at position 72 establishes hydrogen bonds with an isoleucine in bB and with an histidine in aB. The isoleucine is conserved among all clones, except clone 33 where it is a valine. This is also the case for the histidine residue, with the notable exception of clone 40. From the results of the study with the peptide library, this could mean that the product of this clone belongs to a group of PDZ domains preferring an hydrophobic amino acid residue at position 72 (Songyang et al., 1997) . This would explain why the C-terminal tail of Tax was not observed to interact with this protein in our assays. The serine in strand bC which establishes an hydrogen bond with the lateral chain of the glutamate at position 73 is conserved in clones 33, 40 and 43, but corresponds to a threonine in clones 1 and 15 (PDZ 1 and 2) and to a lysine in clone 2. The peptide library study has shown that these three amino acids at this position are all correlated with a glutamate at position 73, as in Tax. These observations indicate that the interaction of the C-terminus of Tax with the product of these clones, with the exception of clone 40, is likely to strictly follow the model which has been deduced from previous studies. However, our results also establish the contribution of an internal domain in Tax to some of these interactions. It has been veri®ed for all the clones of this study that the interaction with Tax was mediated by the PDZ domain. The observation that nNOS and PSD-95 interact through their PDZ domains has shown that these motifs also exhibit protein surface interactions (Brenman et al., 1996) . The internal domain of Tax involved in the interaction for clones 2, 40 and 43 could present a particular surface motif permitting association with the PDZ domain. Alternatively, an internal T/SXV sequence in Tax might interact with the PDZ domain of these clones. Three other sequences corresponding to this consensus are present in Tax and in agreement with such a possibility it has been recently shown that the PDZ domain of INAD interacts with an internal motif of the TRP Ca 2+ channel (Shieh and Zhu, 1996) . A more extensive mutagenesis study of the Tax protein should allow to discriminate among these dierent possibilities.
As already mentioned the functions of the PDZ proteins are diverse. An important function is the clustering of receptors and their association with the cytoskeleton. These proteins are also important factors in signal transduction pathways, as it is now wellestablished for the wint/wingless pathway which involves the PDZ protein Dsh (Miller and Moon, 1996) . Another interesting example is the phosphotyrosine phosphatase FAP1/PTP-BAS which regulates negatively the activity of Fas by its association with this receptor (Sato et al., 1995) . These observations show that PDZ proteins play important roles in diverse regulations aecting the cell fate. Tax is known as a transcriptional regulator, but has also other properties as shown by the transgenic mice expressing Tax which develop various disorders including degeneracy of muscle ®bers, dermatitis, proliferation of ductal cells in the salivary gland and arthritis (Ozden et al., 1996) . The most obvious way to explain these activities of Tax was to invoke the eect of Tax on the expression of various cellular genes, including important cytokines. We have tested the eect of the substitution of the Cterminus of Tax by a unrelated sequence with various enhancer motifs known to be transactivated by Tax (TRE1, AP1 and NF-kB binding sites) and never observed a negative eect of this modi®cation in agreement with previous studies (Ruben et al., 1989; Smith and Greene, 1990) . Although other promoter sequences responsive to Tax remain to be tested, the interaction with the PDZ proteins is therefore probably not important for the transactivating properties of Tax. They might mediate other known eects of this viral protein. It has been stressed that some of the Taxinduced pathologies, as the muscle degeneracy, is correlated with a presence of Tax in the cytoplasm (Nerenberg and Wiley, 1989) . Another interesting observation is that no lymphocyte in®ltration was detected in the muscle of these mice (Nerenberg and Wiley, 1989 ). It will be interesting to determine whether the muscle degeneracy could be related to an interaction of Tax with the entire syntrophin proteins leading to disorganization of the dystrophin complex. From the role of PDZ proteins in signal transduction their interactions with Tax might also play a role in the appearance of proliferative disorders. Interestingly, Yamaoka et al. have reported that the entire Tax protein fused to the Vp16 activation domain, thereby presenting a dierent C-terminal sequence, loses its ability to transform rat ®broblasts (Yamaoka et al., 1996) . The inability to interact with PDZ proteins therefore correlates with the loss of the transforming properties.
In conclusion, the data presented here provide evidence that Tax strongly binds to various cellular proteins via their PDZ domains. Future studies will aim at the precise de®nition of those interacting with Tax in T lymphocytes, as well as in other cell types. The characterization of the function of the PDZ proteins identi®ed in this study should bring a better understanding of the possible links between their association with Tax and the various pathological eects of this viral protein.
Materials and methods
Plasmids
Point mutations in the pSG-Tax expression vector (Crenon et al., 1993) were introduced into the Tax coding sequence using the transformer site-directed mutagenesis kit (Clontech), generating pSG-Taxm348 (F348A), pSGTaxm350 (E350A), pSG-Taxm351 (T351A), pSGTaxm352 (E352A) and pSG-Taxm353 (V353A). The pSGF-cDNA plasmids include the cDNAs isolated by the two-hybrid screen fused to the Flag epitope at their N terminus . They were constructed by inserting BglII restriction fragments of pACT clones in the BglII restriction site of the pSG-Flag vector. pGBTaxm351, pGB-Taxm352 and pGB-Taxm353 were obtained by inserting MluI ± BamHI restriction fragments of pSG-Taxm351, pSG-Taxm352 and pSG-Taxm353, respectively, between the MluI and BamHI restriction sites of pGB-Tax . Plasmid pGB-TmC was constructed as follows. The EcoRI ± SmaI restriction fragment including the Tax coding sequence between amino acids 2 and 337 of pGB-Tax was inserted between the EcoRI and SmaI restriction sites of pGBT9. This construct expresses a protein having the same length as the wild type with the following sequence at its C-terminus: GDPSTCSQANSGRISYDL. Plasmid pGBG-CT includes the sequence coding for amino acids 338 ± 353 of Tax fused to GB and is a derivative of the pGBG vector which was constructed by inserting a double-stranded oligonucleotide (coding for four glycine and including SmaI, EcoRI and XhoI restriction sites) between the EcoRI and BamHI restriction sites of pGBT9. Plasmids expressing PDZ domains of clones 2, 15, 33, 40 and 43 (containing sequences shown in Figure 2 ) were constructed by generating DNA fragments by PCR ampli®cation with appropriate primers. For clones 2, 33, 40 and 43, these fragments were inserted between the BamHI and XhoI restriction sites of pACT (Durfee et al., 1993) . For clone 15, fragments corresponding to PDZ-1, PDZ-2 and PDZ-1+2 were inserted between EcoRI and BamHI restriction sites of pGAD424 vector (Clontech). pGBG-CT was generated by inserting a SmaI ± BamHI restriction fragment of pGB-Tax between the SmaI and BamHI restriction sites of pGBG. Plasmids pGBG-CTm348, pGBG-CTm350, pGBG-CTm351, pGBG-CTm352 and pGBG-CTm353 were obtained by inserting SmaI ± XbaI restriction fragments of pGB-Taxm348, pGB-Taxm350, pGB-Taxm351, pGBTaxm352 and pGB-Taxm353, respectively, between the SmaI ± XbaI restriction sites of the pGBG vector.
Yeast two-hybrid screen
The two-hybrid screen was performed with the Saccharomyces cerevisiae HF7C reporter strain [MATa, 112, LYS2 : : GAL1-HIS3, URA3 : : (GAL4 17mers) 3 -CYC1-lacZ] (Clontech) including plasmid pGB-Tax. Transformation of this strain by a library of human cDNA fused to GAD (Durfee et al., 1993) was performed by a variation of the lithium acetate method (Gietz et al., 1992) . The cDNAs originated from mRNA of Epstein ± Barr virus-transformed human peripheral lymphocytes and were inserted into l-ACT (Durfee et al., 1993) . After transformation, yeast cells were plated on SD medium (0.67% yeast nitrogen base; 2% dextrose) complemented with Ura, Lys and Ade (20 mg/ml each), at a density of 1610 5 /20 cm 2 dish and incubated at 308C for 3 days. A total of 2.5610 5 transformants were screened. One thousand clones growing on SD medium lacking His were tested for b-galactosidase expression by the ®lter assay technique. Blue colonies were isolated and the bgalactosidase assay was repeated. Plasmids of these colonies were recovered and transformed in Escherichia coli Xl1-blue by electroporation as previously reported (Homan and Winston, 1987) . pACT plasmids ampli®ed in bacteria were analysed by DNA sequencing and retransformed with pGBT9 or pGB-Tax into the HF7C or SFY526 [MATa, 112 ,can r , gal4-542, gal80-538, URA3 : : GAL1-lacZ] reporter strains (Clontech).
b-galactosidase assays
For the b-galactosidase ®lter assay, yeast colonies were grown on appropriate complemented SD medium and transferred on nitrocellulose ®lters (optitran BA-S 85; Schleicher & Schuell). Colonies were grown on ®lters for 24 h at 308C on SD medium. The ®lters were immersed in liquid nitrogen for 1 min to permeabilize cells, air dried for 4 ± 5 min and laid on Whatman 3MM paper moistened with Z buer containing b-mercaptoethanol and X-Gal (2.5 ml/90 mm-diameter ®lter; 21 ml/20 cm 2 ®lter) (Breeden and Nasmyth, 1985) . Assays were performed at 308C and the appearance of blue colonies was periodically checked. At least three independent colonies were analysed for each test.
For b-galactosidase quanti®cation by the liquid culture assay, 2 ml of culture were grown in the appropriate selective SD medium to an optical density at 600 nm of 1 ± 2. Cells were harvested and permeabilized as previously described (Guarente, 1983) . o-Nitrophenyl-b-D-Galactopyranoside was used as the substrate, and assays were performed at 308C. bgalactosidase activities are expressed in Miller units, which were calculated from the following equation: 10006optical density at 420 nm/time of incubation (minutes)6optical density at 600 nm6volume of culture (milliliters) (Miller, 1972) . Each b-galactosidase activity determination was done in duplicate.
Cell transfection and immunoprecipitation
COS7 cells were grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with glutamine (2 mM), penicillin (100 units/ml), streptomycin (100 mg/ml) and 5% foetal calf serum. Cells were maintained at 378C under 5% CO 2 . Transfection experiments with pSG-Tax and/or pSGFlag derivatives were performed by the calcium phosphate coprecipitation method in 100 mm-diameter plates (Crenon et al., 1993) . Twenty-four hours after precipitate removal, cells were incubated for 30 min in 1 ml of RIPA buer at 48C. Lysates were centrifugated for 10 min at 12 000 r.p.m. and the supernatants were used for immunoprecipitation which was performed at 48C in RIPA buer as described (Harlow and Lane, 1988) . The M2 monoclonal antibody to Flag (Kodak) was used at a 1/500 ®nal dilution and incubated with the lysates for 90 min. Immunocomplexes were precipitated by incubation during 30 min with 50 ml of 50% Protein A-Sepharose beads (Sigma) in RIPA buer, and then washed three times in RIPA buer containing 300 mM NaCl. Immunoprecipitated proteins were separated in a 10% polyacrylamide-SDS gel and analysed by immunoblotting using anti-Tax (Hanly et al., 1989) and/or anti-Flag antibodies.
cDNA probes and synthetic oligonucleotides DNA fragments corresponding to each of the PDZ clones were generated by PCR ampli®cation with appropriate sense and antisense primers. Positions of these primers with respect to the ®rst nucleotide of the cDNA, sense and antisense, respectively, were as follows: clone 1: 259 ± 277, 813 ± 832; clone 2: 870 ± 890, 1164 ± 1183; clone 15: 672 ± 691, 940 ± 959; clone 33: 308 ± 327, 665 ± 687; clone 40: 283 ± 302, 663 ± 683; clone 43: 742 ± 762, 1635 ± 1653. Radio-labelled probes were generated by random priming (Prime-a-Gene Labelling System, Promega) from the PCR products using 32 P-adCTP. RT ± PCR experiments were performed as previously described (Pfeer et al., 1995) with speci®c 12-mer primers for the reverse transcription step which were at the following positions: clone 1: 913 ± 924; clone 2: 1261 ± 1272; clone 15: 966 ± 977; clone 33: 714 ± 725; clone 40: 746 ± 757 and clone 43: 1723 ± 1734.
Human RNA Master blot hybridization and analysis
The Human RNA Master Blot (Clontech) is a positively charged nylon membrane to which poly(A) + RNAs from 43 dierent human tissues have been immobilized in separate dots, along with several positive and negative controls. Poly(A) + RNA samples on Master Blot have been normalized by the manufacturer from the mRNA expression of eight dierent housekeeping genes. Hybridization of the random labelled cDNA probes to the membrane was performed according the manufacturer instructions. Brie¯y, prehybridization was performed for 2 h at 658C in ExpressHyb solution (Clontech) containing 100 mg/ml of heat-denatured sheared salmon testes DNA. Hybridization overnight at 658C was done in the same solution including the cDNA probe (10610 6 c.p.m./ml, with speci®c activity 410 9 c.p.m./mg). The membrane was washed for 15 min three times at 658C using a 26SSC, 1% SDS solution and then exposed 5 h to a phosphor screen which was analysed using a Storm 840 phosphoimager (Molecular Dynamics).
RNA puri®cation and analysis by RT ± PCR
Total RNA from 10 8 Jurkat-T cells was prepared by homogenization and extraction by the guanidium thiocyanate method using the RNA total isolation system kit (RNAgents; Promega) followed by ultracentrifugation (32 000 r.p.m.; 24 h; Beckman SW41 rotor) in a 5.7 M CsCl, 0.01 M EDTA solution. Concentration and purity were determined by spectrophotometric analysis. The integrity of the RNA preparation was further veri®ed by denaturing agarose gel electrophoresis and ethidium bromide staining. For each clone, 2 mg of total RNA was denatured at 708C for 10 min and reverse-transcribed by incubation at 378C for 1 h in 25 ml ®nal volume with 200 u of Moloney Murine Leukaemia Virus Reverse Transcriptase (Promega) and 30 ng of speci®c 12 mer-oligonucleotide. Ampli®cation was performed as follows: 5 ml of the reaction was mixed to 300 ng of each sense and antisense primers, 0.5 ml of Advantage KlenTaq Polymerase Mix (Clontech), 200 nM of each dNTP, 5% DMSO, in a ®nal volume of 50 ml containing 1x PCR buer. After denaturation at 948C for 1 min, 20 cycles (948C for 15 s, 558C for 30 s, 688C for 1 min) were performed and the reaction terminated at 688C for 7 min. The PCR products were separated by electrophoresis on a 1% agarose gel and analysed by Southern blotting with appropriate 32 P-adCTP random labelled probes. Membranes were exposed to a phosphor screen. 
